Bioelectrical impedance analysis for assessment of fluid status and body composition in neonates-the good, the bad and the unknown BE Lingwood BACKGROUND/OBJECTIVES: There is a critical need for improved technologies to monitor fluid balance and body composition in neonates, particularly those receiving intensive care. Bioelectrical impedance analysis meets many of the criteria required in this environment and appears to be effective for monitoring physiological trends. SUBJECT/METHODS: The literature regarding the use of bioelectrical impedance in neonates was reviewed. RESULTS: It was found that prediction equations for total body water, extracellular water and fat-free mass have been developed, but many require further testing and validation in larger cohorts. Alternative approaches based on Hanai mixture theory or vector analysis are in the early stages of investigation in neonates. CONCLUSIONS: Further research is required into electrode positioning, bioimpedance spectroscopy and Cole analysis in order to realise the full potential of this technology.
FLUID BALANCE
During the first days of life, the distribution of fluid within the body changes rapidly. This change varies between individuals and across gestational ages, and accounts for most of the 10-15% reduction in body weight. 1 In the term baby, the fluid requirements to replace normal physiological losses are generally straightforward as the requirements are well known, and any imbalances can be quickly rectified by the normal kidney. In the preterm infant, however, maintenance of fluid balance is a complex and difficult task. Renal function is often developmentally inefficient and/or clinically compromised, and thus may not be able to compensate for imbalances. Premature infants, owing to their increased surface area-to-weight ratio and highly permeable skin, also have a greater degree of unpredictable insensible water loss. As a result, fluid status can change rapidly and unpredictably. Compared with term infants, premature infants are at a greater risk of both dehydration with inadequate fluid intake and fluid retention with fluid overload. Fluid imbalance can result in increased morbidity and mortality in the preterm infant. 2 However, the physical signs of fluid status may be difficult to recognise in very small infants.
Fluid management currently relies on the interpretation of indirect measurements of fluid status, including body weight, fluid intake, urine and stool output, serum electrolytes, urine osmolarity, heart rate and blood pressure. 3 This wealth of information can make interpretation of true fluid balance status a complex process. Despite this limitation, information is required quickly and frequently if fluid imbalance is to be avoided.
A reliable method of non-invasive monitoring of fluid status would improve the medical management of very low birth weight babies with potential improvements in outcome. In addition, it may assist with individualising drug dosage for drugs that are distributed primarily into either total body water (TBW) or extracellular water (ECW). 4, 5 Management of fluid status is also difficult in critically ill neonates, including those who have undergone cardiac surgery. 6 The combination of haemodynamic instability, stress-related increases in hormones that influence fluid balance, and immaturity of some controlling systems, can result in rapid and unpredictable changes in fluid status. This may have negative effects on recovery. Once again, reliable non-invasive monitoring of fluid status would be beneficial.
BODY COMPOSITION
Maintaining consistent and balanced growth in infants born preterm is a significant clinical problem. The third trimester of pregnancy is a period of maximal growth of the fetus and maturation of many organ systems. To maintain normal development, the American Academy of Pediatrics recommends that growth of the preterm infant should mimic that of the fetus in utero both anthropometrically and in terms of body composition.
composition is also abnormal, with preterm infants having a higher fat mass and a lower fat-free mass (FFM) than their term counterparts. [10] [11] [12] Current nutritional regimens are not ideal, leading to unbalanced growth, which may be associated with abnormal organ development and poor long-term health. [13] [14] [15] [16] However, improvement or individualising of nutritional strategies is hampered by the lack of an inexpensive, non-invasive and reliable method for monitoring the compositional nature of infant growth.
METHODS FOR ASSESSING FLUID STATUS AND BODY COMPOSITION
Accurate measures of fluid status can be obtained from dilution techniques; however, these techniques are invasive, requiring at least two blood samples per measurement. As infants can only be studied once or twice in a short period of time using these techniques, ascertainment of dynamic changes across time is not possible. Anthropometric measures such as body weight or dynamic skin-fold thickness measurements are non-invasive and can be measured repeatedly over a short period of time. However, they require highly trained observers, very accurate tools and repeated handling of the baby. The information they provide may not be very accurate.
17 Dual-energy X-ray absorptiometry, magnetic resonance imaging and total body potassium counting may all provide more accurate information, but all require the baby to be motionless (difficult to achieve without sedation) and usually require the baby to be moved away from the neonatal intensive care environment. Air displacement plethysmography is now accepted as a gold-standard measurement in children, [18] [19] [20] and although the required equipment is portable, it is expensive and cannot be used in neonates requiring ventilatory or intravenous support.
THE VALUE OF BIOELECTRICAL IMPEDANCE ANALYSIS (BIA)
BIA is ideally suited to the applications described above. Its noninvasive and portable nature mean that it can be safely used in neonates without the need for blood sampling or excessive handling of these fragile babies, and without the requirement to move them away from the neonatal intensive care unit for assessment. Measurements are simple and quick, and thus could be incorporated into a continuous monitoring device. The inexpensive nature of the technology lends itself to use outside large tertiary hospitals in developed countries. It is potentially possible to develop instruments for monitoring the compositional nature of infant growth in community health clinics and local medical centres, or in underdeveloped countries in which the maintenance of ideal growth is even more complex.
One of the difficulties associated with BIA measurements in neonates in an intensive care setting is the presence of catheters limiting access to the ideal electrode position described for adults. 21 However, contrary to findings in adults, 22 there appears to be no difference in impedance measured on the right or left side of the body; furthermore, ipsilateral placement of upper and lower limb electrodes does not give a different result to contralateral placement. [23] [24] [25] Reproducibility of measurements within an individual appears to be good and interobserver error is low; however, great care is required in accurate electrode placement, and small alterations in position lead to significant differences in measured impedance. 26, 27 There appears to be no interference from cardio-respiratory monitors, provided measurements are not made at the exact frequency used by the monitor. 23, 25, 28 All of these factors make BIA very feasible in neonates.
Several approaches have been explored in the application of BIA in neonates, including empirical derivation of prediction equations, the use of the Hanai mixture theory and vector analysis.
EMPIRICAL DEVELOPMENT OF PREDICTION EQUATIONS
Estimation of TBW A small number of studies have investigated the use of BIA for assessment of TBW volume in newborn infants. All studies have found a very strong correlation between the impedance index L 2 /Z (where L is the conductor length, usually taken as the height of the subject, and Z is impedance-usually resistance measured at 50 kHz) and TBW measured by isotope dilution techniques. 6, 23, 24, 29, 30 These results are encouraging and suggest that BIA has good potential for use in assessing TBW. However, few studies compare the strength of the association with that provided by weight alone or weight and length. 23, 24, 29 Only one study has tested the derived prediction equation in an independent sample, 29 in which TBW calculated using BIA was highly correlated with TBW measured by the dilution technique; however, the prediction equation based on BIA did not perform any better than that based on weight alone. This study also provided an independent test of two previously derived prediction equations, 23, 31 but these frequently gave estimates of TBW 4100% of the weight. Raghavan et al. 29 concluded that BIA 'did not provide any additional advantage over body weight alone' for the assessment of TBW. However, the number of infants in the study was very small (12 in the equation development group and 6 in the validation group) and further investigation is warranted. Tang et al. 24 found that although the impedance index alone did not predict TBW, as well as weight, the combination of the impedance index and weight did provide a very small improvement in R 2 over the use of weight alone. However, this was not tested in an independent validation group. This equation was used by Rodriguez et al. 32 to measure TBW in babies born at term, and by Mé io et al. 33 to measure babies at term and preterm, but measurements were again not validated against any goldstandard measure. There is clearly a need for more careful evaluation in this area, especially using the more recent technology of bioimpedance spectroscopy (BIS), which has very limited use in neonates to date.
Estimation of ECW Very little is known about the validity of BIA for the estimation of ECW in neonates. Theoretically, measurements at lower frequencies (p5-10 kHz) should provide an estimate of ECW, as current flow across the cell membrane is limited at these low frequencies. Ideally, impedance at zero Hz or R 0 , which can be obtained using BIS and Cole analysis, 34, 35 will give the best estimate. A prediction equation has been developed using R 0 by Lingwood et al.; 25 however, this equation provides only a small improvement over the use of weight alone, and, to our knowledge, has not been independently validated. Equations to predict the distribution space of the antibiotic gentamicin have also been developed. 4, 5 This drug is reported to distribute mostly through the extracellular fluid, and thus the performance of BIA in this context may indicate the potential to predict ECW. A prediction algorithm based on BIS parameters was developed and then tested in a separate group of babies. The prediction algorithm, which included the impedance index in addition to weight, performed slightly better than that including weight alone, with a smaller bias and higher concordance correlation suggesting some potential for this methodology. 4 The combination of reactance and surface area may also be useful for estimating ECF, 23 although this parameter requires further investigation.
Estimation of body composition The estimation of FFM using BIA assumes a constant relationship between TBW and FFM. Although this may be a reasonable assumption in healthy adults, hydration levels in neonates are different from those in adults and may change significantly, especially in the first days of life.
1 Thus, estimation of FFM and body composition may be even more difficult than the estimation of TBW, and few studies have been reported in neonates. The lack of an ideal gold standard for body composition analysis also limits investigations in this area. Comparison of BIA with dual-energy X-ray absorptiometry measurements in preterm babies indicated that weight was a better predictor of FFM than the impedance index and that the combination of weight and impedance did not improve the prediction over weight alone. 36 Similar results were found when the estimation of FFM using bioimpedance spectroscopy was compared with air displacement plethysmography in infants born at term, although the predictive ability of impedance was improved at 3 and 4.5 months of age. 17 Refinement of estimation of TBW is probably required before further progress can be made in this area.
HANAI MIXTURE THEORY
As seen in the discussion above, the empirical development of equations to predict TBW, ECW or FFM in neonates has had limited success to date. An alternative approach is the calculation of body water volumes based on the Hanai mixture theory. 37 This approach purports to bypass the population-specific applicability of the empirically derived equations, but requires knowledge of resistivity constants specific for neonates. Ferreira has attempted to calculate these constants based on information obtained in the literature. 38 However, their approach includes many assumptions, including that the body proportion of a neonate is the same as that of an adult, and does not include any actual measurements of resistivity. Although results appear plausible, there is no validation against a gold standard and thus no assessment of bias or potential error in the measurement. More recently, resistivity constants have been estimated empirically in neonates, and the resulting equations have been validated in an independent group. Results are reported elsewhere in this issue.
Further research is also necessary to define how these resistivity constants may change across the neonatal period and in pathological states. This will enable the potential to estimate fluid volumes using the Hanai mixture theory rather than empirically derived algorithms to be fully evaluated.
TREND ANALYSIS AND GROUP COMPARISONS
Although the prediction of absolute values of body water compartments may be difficult in neonates, there is some evidence that BIA may be valuable to monitor changes over time within an individual. It may also be informative to compare impedance values or estimated fluid volumes between groups, or to compare the strength of associations between impedance variables and anthropometric or physiological data.
Trends in impedance can indicate changes in fluid status or distribution. Serial measurements at daily intervals over the first week of life showed a steady decline in TBW, consistent with changes known to occur over this time period; 1,29 however, similar information could be obtained from weight alone. In a group of children with a high proportion of subjects o1 year old, changes in impedance of the legs, relative to the patient's own baseline, in the 2 days after cardiac surgery predicted mortality. 39 These changes were probably reflective of altered fluid distribution following surgery.
Differences in impedance between groups may indicate differences in body size or composition, or in fluid distribution. Raw impedance measurements at birth were also able to distinguish between appropriately grown and small for gestational age infants, possibly because of the smaller FFM of small for gestational age infants. 27 In healthy term babies, there were significant negative correlations between variables indicative of the size of the baby (weight, head circumference and foot length) and whole-body impedance. In addition, R 0 was higher in female neonates than in male neonates, 40 consistent with the smaller FFM of female neonates. 41 Impedance in babies who had suffered a severe hypoxic episode during delivery was reduced at 8-12 h after birth, in contrast to healthy babies in whom impedance is elevated. 42 These observations are consistent with the normal loss of fluid that occurs after birth but an inability to excrete excess fluid owing to impaired renal function following severe hypoxia. Differences in estimated TBW between preterm babies with respiratory distress syndrome and those without did not follow exactly the same pattern as changes in weight, suggesting that BIA may provide some additional information over weight alone. 43 However, changes associated with enteral feeding could not be detected. 23 An algorithm including impedance was used to show differences in TBW between infants whose food was supplemented with zinc and those whose food was not supplemented, although it is not clear whether the use of impedance has provided any additional information over weight and length, which also increased and were included in the algorithm. 44 These observations suggest that serial measurements or comparisons between groups may provide important physiological information.
VECTOR ANALYSIS
Impedance vector analysis was first reported in neonates in 2002 for healthy infants born at term and in their first week of life. 45 A plot of resistance against reactance was used to construct ellipses that described the normal population and from which pathological alterations could potentially be detected. This approach does not depend on the assumptions that underlie the prediction of body fluid volumes from empirical equations (that is, cylindrical shape of the human body, homogeneous current distribution and constant tissue hydration). Although vector analysis does not provide a quantitative estimation of body fluid volumes, it does allow discrimination of differing fluid states (under and over hydration) 46, 47 and between obese and oedematous subjects in adults. 48 The vector obtained in healthy term neonates is longer than that in children and adults, but the variability is greater and the method is not able to detect changes in fluid status known to occur in the first week of life, 45 or changes over the first year of life. 49 The method may not be free from the influence of ethnicity, requiring population-specific reference values to be derived. 50 A modified approach-the Biagram vector-plotted reactance against phase angle and appeared to more effectively detect changes across the first year of life. 51 However, the relationship of this vector with physiological changes is purely speculative at the moment, and there is no research providing a validated link between the Biagram vector and either physiological or pathological changes in neonates.
AVOIDING UNNECESSARY ERRORS
All of the methods described require a measurement of the height or length of the subject. This is more difficult to measure accurately in a neonate than in an adult or child, and careful attention is required to minimise error, which may be introduced by inaccurate length measurements. A number of studies have attempted to address this by using foot length as a surrogate measure; 4, 24, 25 however, predictive ability has not been substantially improved by this method. The temperature of the subject can also vary, as thermoregulation in neonates is less effective than in adults, particularly in those born preterm. Increases or decreases in temperatures will alter impedance values, 52 and measurements should only be used when the body temperature of the neonate is within the normal range.
AREAS REQUIRING FURTHER INVESTIGATION
Validation of existing equations A number of prediction equations have been published and used for the estimation of TBW and ECW but with little independent validation. Where validation has been performed, results suggest that BIA provides limited benefit over weight alone; however, the number of subjects is very small. There is a need for thorough evaluation of existing or new prediction algorithms to establish whether they are valuable and in what context.
Although algorithms based on weight alone may perform equally as well or slightly better than those including impedance variables, the underlying implication of this approach is that the relationship between TBW or ECW and weight is constant. This is clearly not the case in neonates, and thus the use of prediction algorithms based on weight alone will not address this critical area. It is often these differences in fluid distribution that are in need of assessment, and for this reason there is value in pursuing improvements in the use of BIA in neonates. In the small number of studies in which validation of prediction algorithms for TBW, FFM or ECW have been performed, the bias is often low even though the limits of agreement are high. 4, 17 Although this methodology may be unsuitable for use in clinical assessment owing to high potential errors in an individual measurement, the low bias reported in these studies implies that population differences may be successfully detected using BIA. There is also evidence that the potential usefulness of BIA may alter across the first 4 months of life. 17 This area also requires further investigation.
Measuring conditions
Although ideal conditions for measurement have been defined in the adult, 21 these are often difficult to achieve in the neonate owing to their small size, inability to cooperate and frequent feeding. Limb movement affects measurements, particularly at the higher frequencies, 26 but the solution may not be restraint as this also alters measurements. 26 Feeding also alters measurement, although only in infants in the first week of life and not at later ages up to 6 months. 26 There is a need for consensus regarding the standard measuring conditions, and further thought must be given as to how to deal with the inability to control some factors.
Electrode position There has been much discussion regarding electrode placement. Minimum separation between signal and sense electrodes has been suggested as 2.0-2.5, 53 3.0, 54 5.5 55 or 6.0 cm, 27 but to date, there is no consensus on this issue. It is important that positions be reproducible, as small errors in placement lead to significant alterations in measured impedance. 27 The standard positions used in adults promote reproducible positioning, as they are associated with readily identifiable anatomical landmarks; however, these positions may be too close together in neonates owing to the small size of the hands and feet, resulting in interaction between signal and sense electrodes. 56 Other positions tested in neonates include moving the sense electrodes to the forearm and lower leg, 26, 27 elbow and knee, 29 upper arm and thigh 24 or scapula and buttocks, 24 or placement of signal electrodes on the ventral surface, with sense electrodes remaining in the standard adult position. 25 However, some of these positions are difficult to reproduce consistently and none resulted in improved correlation of the impedance index with fluid volumes. Further investigation is needed into this issue so that easily reproducible positions with adequate separation can be defined. The differing positions used in many studies make comparison of results difficult and limit the applicability of prediction algorithms. There is also a need to determine whether the use of electrodes reduced in size to fit on the small neonatal limbs has an effect on the measured impedance.
BIS and Cole analysis BIS allows multiple impedance parameters to be derived from a single measurement so that potentially both TBW and ECW could be estimated. In addition, the use of impedance at the characteristic frequency (Z c ) or at infinite frequency (R inf ) may provide improved estimates of TBW over that obtained using impedance determined at the same frequency (50 kHz) in every subject. There are clear differences between adults and neonates, including body size and proportions, hydration levels and skin characteristics. The hydration and composition of adipose tissue is also different in neonates, 17, 57, 58 possibly contravening the assumption that fat is non-conductive. All of these factors may contribute to the reduced success of impedance technology in neonates. BIS may overcome some of these difficulties in neonates and lead to improved performance of the technology; however, this area has been poorly investigated with only a handful of studies using BIS in neonates. 4, 17, 25, 26, 38, 40 The fitting of Cole-Cole plots also requires further investigation and standardisation. We have observed that fitting a semicircular model to neonatal data is often more difficult than in the adult because of variability in the curve. 17 These deviations from the semicircle often occur at the higher frequencies but can also occur at lower frequencies. 17, 26 The reason for this variability is unknown but may result from the difficulty in achieving 'ideal' conditions for measurement in the neonate, 21, 26 as well as inherent characteristics of neonatal tissue. There is a need for further research to understand the source of this variability and how best to analyse the resulting data. This is an important area because these variations will also affect single frequency measurements, but when a value is obtained at only one point on the curve (as happens with a single frequency measurement), there is no way to assess whether usually high or low measurements reflect abnormal physiology of the subject where the whole curve may be moved, or a poorly fitting curve resulting from measurement conditions. These difficulties underline the value of BIS, which allows the whole curve to be evaluated.
Physiological vs pathological conditions
Most research in neonates has focussed on relatively homogeneous and often healthy populations. In these populations, variability is likely to be low and thus the appropriate focus has been the accurate measurement or monitoring of small changes in fluid status or body composition. Although BIA may not yet have the accuracy to detect these small changes, further research may indicate that it is effective for diagnostic purposes in which the focus is the detection of the larger differences between physiological and pathological states. It has been assumed that because prediction algorithms appear to be population specific, those algorithms derived in healthy populations cannot be used in pathological conditions in which underlying assumptions may not be met. Although this is often perceived as a limitation of BIA, more research is required to determine whether these differences can be exploited and turned to a strength, leading to the development of diagnostic methodologies that may be based more on trends or differences in raw data rather than on the need to accurately predict absolute fluid volumes.
CONCLUSION
There is a great need for improved methods of monitoring fluid status and body composition in neonates. BIA meets many of the criteria required for a successful monitoring technology in this area. Studies to date have demonstrated tantalising success in the development of techniques to provide this vital information but have fallen short of establishing validated new methodologies. There are, however, areas with great potential that have not been fully investigated. Many studies include only low numbers of subjects and have not undertaken appropriate validation of proposed methods. Other methods are still in the preliminary stages of investigation. Some areas require the development of clear evidence-based methodological guidelines. BIA has the potential to significantly improve the care provided to newborn babies. Further research must be undertaken to realise this potential.
